Inhibitors of the isozyme cyclooxygenase-2 (COX-2) represent an important advance in pain management, although where and when these inhibitors can exert their antihyperalgesic actions are not completely understood. Here we show that unlike many peripheral tissues in which COX-2 is only expressed in physiologically significant levels after tissue injury, in the normal rat lumbar spinal cord, the majority of neurons and radial glia constitutively express high levels of COX-2 protein. Immediately after peripheral tissue injury and before any measurable upregulation of COX-2 protein in peripheral tissue or spinal cord, inhibition of constitutively expressed spinal COX-2 reduced injury-induced activation of primary afferent neurons, activation of spinal neurons, and the mechanical and thermal hyperalgesia that normally occurs after peripheral tissue injury. The present data demonstrate that constitutively expressed spinal COX-2 plays an important role in the initial hyperalgesia that follows peripheral tissue injury. These results suggest that blocking constitutive spinal COX-2 before tissue injury may reduce the initial peripheral and central sensitization that occurs after tissue injury.
Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most commonly used drugs worldwide to treat pain and inflammation; however, just when and where NSAIDs can exert their antihyperalgesic actions have not been completely defined (Kalgutkar and Zhao, 2001) . Local injury yields the release of a variety of factors that alter sensitivity of the primary afferent fibers innervating the damaged tissue, and among these factors that are important components of this peripheral sensitization are prostaglandins (Schaible and Grubb, 1993) . Prostaglandins are lipidic acids that are locally synthesized by the cyclooxygenase enzymes after focal tissue injury and that sensitize peripheral nerve endings and enhance pain behavior in both animals and humans (Masferrer et al., 1994; Vane et al., 1994) . Sensitization of nociceptors is initiated in part by prostaglandins binding to and activating prostanoid receptors expressed by nociceptors, which then activate adenylate cyclase and phospholipase C, leading to enhanced protein kinase C activity and increased levels of cAMP (Ahmadi et al., 2002) .
In the present report, we focus on the role that constitutive spinal cyclooxygenase-2 (COX-2) may play in driving the initial hyperalgesia that occurs after peripheral tissue injury or NMDA activation of spinal neurons. Here we demonstrate that most neurons and radial glia in the rat spinal cord constitutively express high levels of COX-2 protein, and after significant tissue injury, COX-2 is involved in the early development of hyperalgesia. The mechanism by which constitutive spinal COX-2 generates this hyperalgesia appears to involve COX-2-mediated synthesis of prostaglandins, which both sensitizes the terminals of primary afferent fibers that terminate in the spinal cord and directs activation of spinal cord neurons. These results suggests that early blockade of constitutively expressed spinal COX-2 may reduce the early events in the spinal cord that have been reported to be involved in the generation and maintenance of a chronic pain state (Julius and Basbaum, 2001 ).
Materials and Methods
Intrathecal catheterization. For intrathecal injection, anesthetized male Holtzman rats received lumbar intrathecal catheters after an incision through the atlantooccipital membrane, and a stretched polyethene 10 tube was inserted into the intrathecal space and passed 8.5 cm so that the caudal end of the tubing localized to the lumbar enlargement. After a 3 d postoperation recovery period, rats were treated with 30 g/10 l COX-1 or COX-2 inhibitor (SC560 or SC58125, respectively; Amersham Biosciences, Arlington Heights, IL) or 10 l of vehicle (DMSO; Sigma, St. Louis, MO) delivered via this catheter. Animals received this drug or vehicle at time (T) Ϫ10 min before mechanical pinch, crush, or intrathecal NMDA (0.3 g/10 l).
Mechanical stimulation. For paw pinch and crush, the rat was briefly anesthetized with isoflurane (2.0%) to the point of losing the withdrawal reflex. Pinch was achieved by compression of plantar skin for 30 sec with a hemostat being closed to before the first notch. In an unanesthetized rat, this compression evokes a prominent withdrawal but no evident disruption of the skin or underlying tissue. Crush was achieved by the application a hemostat across the long axis of the paw and closing the hemostat to the first notch, resulting in visible paw edema. The extent of edema was assessed using a mechanical caliper (Stoelting, Wood Dale, IL).
Tactile allodynia was assessed using a modified version of the updown method of application of calibrated von Frey hairs (Chaplan et al., 1994) . Briefly, rats were allowed to acclimatize for 15 min in a clear plastic cage with a wire mesh bottom. The 50% paw withdrawal threshold was determined with a series of von Frey filaments (Stoelting) beginning with a buckling weight of 2.0 gm. The filaments were applied to the plantar surface of the hindpaw. Paw lifting was considered a positive response and prompted the application of the next weaker filament. The next stronger filament was used when application of the filament for 5 sec did not elicit a withdrawal response. Values were calculated as described ) and represented as mean Ϯ SEM.
Thermal escape latencies were assessed using a radiant heat stimulation device, which has been previously described (Dirig et al., 1997) . The device consists of a glass surface heated to 30°C by a focused projection bulb located immediately below the glass surface. The rats were placed on the glass surface 15 min after intrathecal NMDA (T ϭ 0), and the stimulus was delivered separately to either hindpaw, and paw withdrawal latencies (PWLs) were assessed at T ϭ 0, 15, 30, 60, and 90 min. These values were expressed as mean Ϯ SEM PWL at each time point.
Tissue preparation and immunohistochemical analysis. After mechanical stimulation, anesthetized rats were perfused via the ascending aorta with 500 ml of 0.1 M PBS, pH 7.4 (22°C). The spinal cord was then quickly dissected, blocked, frozen to -20°C, cut on a cryostat at 15 m, and mounted on gel-coated slides, all within a 2 hr period. Sections were rinsed in PBS, postfixed in 4% formalin (20 min, 22°C), exposed for 30 min (22°C) to blocking solution (1.0% normal donkey serum and 0.3% Triton X-100 in PBS), and incubated overnight with primary antibody (COX-2; Santa Cruz Biotechnology, Santa Cruz, CA; 1:250; neuronspecific nuclear protein (NeuN), Chemicon, Temecula, CA; 1:150; c-Fos, Santa Cruz Biotechnology; 1:30,000; or neurokinin-1 (NK-1), polyclonal; raised in our laboratory; 1:5000) in the blocking solution. After incubation with the primary antibody, the tissue sections were washed three times for 10 min each at 22°C in PBS, pH 7.4. Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA; 1:600) was added to the secondary incubation solution (1.0% normal donkey serum and 0.3% Triton X-100 in PBS) and applied to the tissue for 2 hr at 22°C. Finally, the tissue sections were washed three times for 10 min each at 22°C in PBS, pH 7.4, dehydrated in ethanol gradient (70, 90, and 100%), cleared in xylene, and coverslipped with DPX (Fluka, Buchs, Switzerland) mounting media.
Quantification of the immunohistochemical results was performed on 60-m-thick spinal tissue sections from the lumbar level L4. Neurons expressing c-Fos or dendrites demonstrating NK-1 receptor internalization were counted in 10 randomly selected L4 coronal sections per animal. Dendritic NK-1 internalization was used for quantification of the effects of intrathecal NMDA because NK-1 internalization was predominantly noted on the dendrites. For both c-Fos and NK-1 internalization counts, coronal sections were viewed through a 1 cm 2 eyepiece grid divided into one hundred 1 ϫ 1 mm units. NK-1-positive dendrites that exhibited NK-1 internalization were counted and expressed as the mean number of NK-1 internalized dendrites per 900 m 2 in laminae I and II of a 60-m-thick section. An NK-1-IR endosome was defined as an intense NK-1-IR intracellular organelle between 0.1 and 0.7 m in diameter that was clearly not part of the external plasma membrane.
Confocal microscopy using an MRC-1024 confocal imaging system (Bio-Rad, Hercules, CA) was performed to obtain images as previously described (Mantyh et al., 1997) .
Western blot. To determine COX-2 expression levels, Western blot analysis was performed on spinal cords that were harvested fresh, at the specified time points, in 50 mM Tris buffer containing 0.5% Triton X-100, 150 mM NaCl, 1 mM EDTA, and protease inhibitors. After extraction, the tissue was subjected to NuPAGE Bis-Tris (10%) gel electrophoresis and then transferred to a nitrocellulose membrane (Osmonics, Minnetonka, MN) electrophoretically. Nonspecific binding sites were blocked with 10% low-fat milk in PBS containing 0.1% Tween 20 (PBS-T) for 2 hr at 22°C. Membranes were subsequently incubated with polyclonal COX-2 antisera (Santa Cruz Biotechnology) in PBS-T buffer overnight at 4°C. The nitrocellulose membrane was then washed twice with the incubation buffer and once with a buffer containing 150 mM NaCl and 50 mM Tris-Cl, pH 7.5. The antibody-protein complexes were then blotted for 1 hr at 22°C with secondary antibodies labeled with horseradish peroxidase and detected with chemiluminescent reagents as described .
Statistical analysis. ANOVA was used to compare the behavioral effects of intrathecal drug administration compared with controls with subsequent Fisher protected least significant difference post hoc analysis. Student's t test was used to compare immunohistochemical measures between the experimental groups and their respective controls. The significance level in all analyses was set at p Ͻ 0.05. The investigator responsible for the quantification and analysis was blind as to the experimental status of each animal.
Results
To explore how NSAIDs might block COX-2 at early time points after injury, we used both immunohistochemistry and Western blot analysis to show that there is a high level of expression of COX-2 in neurons located throughout the entire gray matter and radial glia in the white matter of the rat spinal cord. Immunohistochemical localization of COX-2 analyzed with confocal microscopy of 15-m-thick sections revealed that COX-2-IR in these neurons is perinuclear, and these COX-2-immunoreactive neurons are more prevalent in the superficial dorsal horn laminae I-III, whereas lower levels of COX-2-immunoreactive neurons are observed in the deeper laminae, including motor neurons, as shown previously (Goppelt-Struebe and Beiche 1997; Beiche et al., 1998; Spencer et al., 1998) . The COX-2-IR present in this neuronal population of the L4 segment of the spinal cord (Fig.  1a) included the NK-1-expressing spinothalamic and spinoparabrachial neurons (both of which are involved in the ascending conduction of pain; Hunt, 2000; Gauriau and Bernard, 2002) because Ͼ70% of neurons that express the NK-1 receptor also expressed COX-2-IR.
Other types of cells in the spinal cord that expressed high levels of COX-2-IR were the glial fibrillary acidic protein (GFAP)-IR radial glia located in the white matter (Fig. 1b) , whereas Ͻ1% of the GFAP-IR astrocytes in the gray matter coexpress COX-2-IR.
An important consideration in assessing the role of constitutive versus inducible COX-2 is to define when spinal COX-2 levels begin to rise after peripheral tissue injury. Using Western blot analysis, we examined the expression of COX-2 protein at 0.5, 1, 2 and 4 hr after crush (Fig. 2a) or after the intrathecal administration of NMDA (Fig. 2b) and show there was no detectable upregulation of COX-2 protein until at least 2 hr after crush or intrathecal NMDA.
To examine the degree that constitutively expressed spinal COX-1 or COX-2 contributes to nociceptive processing, pretreatment with a COX-1 or COX-2 inhibitor was performed 10 min before pinch, crush, or intrathecal administration of NMDA. In these studies, rats with indwelling intrathecal catheters were briefly anesthetized with isoflurane, and the paw was subjected to a strong but non-tissue-injurious pinch or to a significant tissueinjurious crush, with significant tissue injury as assessed by the resulting edema and erythema of the injured paw. After recovery from the anesthetic (ϳ15-20 min), the crush injury but not the pinch resulted in a well defined tactile allodynia that persisted for 2 hr. Thirty minutes after a unilateral paw crush, the baseline tactile threshold fell from 13.6 Ϯ 1.9 to 6.4 Ϯ 2.8 gm (n ϭ 6; p Ͻ 0.05) in rats pretreated (T ϭ Ϫ10 min) with vehicle. Rats pretreated 10 min (T ϭ Ϫ10 min) before crush injury (T ϭ 0) with intrathecal infusion of 30 g/10 l COX-2 inhibitor SC58125 did not develop significant allodynia (13.9 Ϯ 1.1 vs 11.8 Ϯ 0.9 gm; p Ͼ 0.10; n ϭ 6), whereas animals treated with 30 g/10 l COX-1 inhibitor SC560 or vehicle (T ϭ Ϫ10 min) showed development of significant allodynia (Fig. 3a) . Previous results have suggested that spinal NMDA receptors are also involved in driving postcrush hyperalgesia (Dickenson et al., 1997) , and indeed intrathecal (IT) delivery of a low dose of NMDA (0.3 g/10 l) results in significant thermal hyperalgesia (Fig. 3b) , and this hyperalgesia was again reversed by COX-2 but not a COX-1 inhibitor or vehicle.
To determine whether COX-2 inhibition resulted in a decrease in activation of peripheral nociceptors or neuronal activation in the spinal cord, we examined the effects that COX-2 inhibitors had on the nociceptor-induced release of substance P and the induction of c-Fos in the spinal dorsal horn after pinch or crush of the paw. Previous results have shown that nociceptive pinch or crush induces the release of dorsal horn substance P, leading to increased NK-1 receptor internalization (Mantyh et al., 1995) and an increase in the number of cells displaying c-Fos expression in the ipsilateral L3-L5 dorsal horn (Doyle and Hunt, 1999) . When quantified, significantly greater NK-1 receptor internalization (Fig. 4a,b,f ) and an increased incidence of c-Fospositive neurons were observed in the ipsilateral dorsal horn after crush injury versus pinch (Fig. 4c-e) and in these rats pretreated with a COX-2 inhibitor (SC58125, 30 g/10 l) no effect on the c-Fos expression and NK-1 internalization generated by pinch was observed. However, after crush injury, intrathecal COX-2 resulted in a reduction in dorsal horn c-Fos and lamina I and II NK-1 internalization to levels associated with pinch activation. These observations suggest that the crush injury acutely leads to an enhanced state of nociceptive processing that can be significantly attenuated by inhibition of spinal COX-2.
Discussion
Classically, in most peripheral tissues, COX-1 is considered to be constitutively expressed, whereas COX-2 is inducibly expressed after tissue injury (Samad et al., 2001) . In the present report, we demonstrate that unlike many peripheral tissues, the majority of neurons and radial glia in the rat spinal cord constitutively express high levels COX-2 protein. Many different types of spinal neurons express COX-2, such as the majority of lamina I NK-1-expressing neurons (Todd et al., 2002) , which correspond to spinothalamic and spinoparabrachial neurons and which are involved in the ascending conduction of pain. In contrast, most glial cells such as oligodendrocytes and microglia do not express detectable levels of COX-2. Even when examining astrocytes, whereas most (Ͼ90%) radial glia located in the white matter express a very high level of COX-2, Ͻ1% of the astrocytes in the gray matter express detectable COX-2, suggesting very regulated expression of constitutive COX-2 by cells in the spinal cord.
Given the general assumption that COX-2 is primarily an inducibly rather than a constitutively expressed enzyme, an important consideration in assessing the role of constitutive versus inducible COX-2 is to define when spinal COX-2 levels begin to rise after peripheral tissue injury. We have previously shown that an acute stimulus, such as the intraplantar injection of formalin or the intrathecal injection of substance P, will lead to an immediate increase in prostaglandin (PG) release (Dirig et al., 1997) . This immediate effect on extracellular PGE 2 concentrations is believed to reflect the activation of phospholipase A 2 secondary to increased intracellular calcium and the liberation of arachidonic acid (AA). This AA is then acted on by either COX isozyme that is constitutively present and active to result in PG release.
The current pharmacology suggests that this increased PGE 2 release is mediated by COX-2 and not COX-1 pharmacology, and because the effects are observed acutely, this COX-2 must by definition be constitutively expressed. The present work indicates that the constitutively expressed COX-2 is an adequate and necessary mediator for the acute spinal facilitation induced by a small afferent input. Although it appears likely that the increase in COX-2 expression that is observed after some delay contributes to processing, its role is not known. It is important to note that COX-2 undergoes suicide inactivation, and the "inducible COX-2" may simply reflect not an increase in total functional COX-2, but an aggressive replacement motif that is necessary for an enzyme that has such a limited life span. Using Western blot analysis and immunohistochemistry, we examined the expression of COX-2 protein at 0.5, 1, 2 and 4 hr after strong crush of the hindpaw or after the intrathecal administration of NMDA. Our results show that there is no significant upregulation of COX-2 protein until at least 2 hr after crush or intrathecal injection of the excitatory NMDA. What in many ways is unique and useful about NSAIDs is that they have little if any effect on noxious stimuli such as pinprick or pinch, which do not cause significant tissue injury but are efficacious at attenuating noxious stimuli that results from significant injury to peripheral tissue (Ehrich et al., 1999; Malmstrom et al., 1999) . This clinical observation is supported by the present observations in which pretreatment with a COX-1 or COX-2 inhibitor was performed 10 min before pinch, crush, or intrathecal administration of NMDA. In these studies, rats with indwelling intrathecal catheters were briefly anesthetized with isoflurane, and the paw was subjected to a strong but non-tissue-injurious pinch or to a significant tissue-injurious crush, with significant tissue injury as assessed by the resulting edema and erythema of the injured paw. After recovery from the anesthetic (ϳ15-20 min), crush injury but not the pinch resulted in well defined tactile allodynia that persisted for 2 hr. Thus, rats pretreated 10 min before injury via an intrathecal infusion of a COX-2 inhibitor did not develop significant tactile allodynia, whereas animals treated with the COX-1 inhibitor or vehicle showed development of significant allodynia. Previous results have suggested that spinal NMDA receptors are also involved in driving postcrush hyperalgesia (Dickenson et al., 1997) , and using IT delivery of NMDA permitted direct assessment of the spinal pharmacology of facilitated processing without having to initiate an injury state that might be altered by a systemically delivered agent. Indeed, IT delivery of a low dose of NMDA results in significant thermal hyperalgesia, and again, this hyperalgesia was again reversed by COX-2 but not a COX-1 inhibitor or vehicle.
Together, these pharmacological and behavioral data reinforce the clinical observation that what appears to be required for spinal COX-2 activation is a noxious stimulus of sufficient intensity and duration to activate the cascade necessary to form arachidonic acid and the subsequent COX-2-dependent synthesis of prostanoids. These data support the concept that the more intense the stimulus or its tendency to produce an ongoing postinjury barrage, the more likely COX-2 will be involved in initiating the prostanoid cascade (Baba et al., 2001; Southall and Vasko, 2001) . In addition, these data suggest that the earlier the spinal COX-2 activation can be blocked (either preemptively or after injury), the more effectively a COX-2 inhibitor will be at blocking the hyperalgesia and allodynia that results from peripheral tissue injury such as the musculoskeletal injury used in the present study (Portenoy, 2000) .
Our studies show that, unlike many peripheral tissues in which COX-2 is normally expressed at very low levels but is dra- Figure 3 . Inhibition of constitutive spinal COX-2 blocks the tactile and thermal hyperalgesia induced by peripheral tissue injury. Tactile allodynia was assessed using the up-down method with calibrated von Frey hairs, whereas thermal escape latency was assessed using a radiant heat stimulus to the undersurface of the paw through a glass plate. Tactile allodynia is significantly attenuated in animals that receive intrathecal administration of COX-2 inhibitor (30 g/10 l; SC58125) 10 min before unilateral crush of the hindpaw compared with pretreatment with vehicle or COX-1 inhibitor (30 g/10 l; SC560; a). Thermal hyperalgesia is also significantly attenuated in animals that receive intrathecal administration of COX-2 inhibitor 10 min before intrathecal administration of 0.3 g of NMDA compared with pretreatment with vehicle or COX-1 inhibitor ( b). Data are presented as mean Ϯ SEM (*p Ͻ 0.05; n ϭ 6 rats in each group).
matically upregulated after tissue injury, in the spinal cord, COX-2 is constitutively expressed at high levels by both neurons and radial glia. Immediately after tissue injury, constitutive spinal COX-2 is activated and is involved in driving the initial hyperalgesia and allodynia that follows peripheral tissue injury. This evidence suggests that the early or preemptive blockade of constitutive spinal COX-2 will limit the initial hyperalgesia that accompanies peripheral tissue injury and in doing so may block early nociceptor-driven events that contribute to the development of a chronic pain state. , d ), respectively. Significant internalization of NK-1 receptors (which is induced by spinal release of substance P from primary afferent neurons) occurs in both the cell body and the dendritic arbors (a, inset) of NK-1 receptor-expressing neurons. Note that pretreatment with an intrathecal injection of a COX-2 inhibitor (inhib.; 30 g/10 l SC58125 at T ϭϪ10 min.) significantly reduced both the number of c-Fos-immunoreactive neurons in laminae I-V ( e) and the number of NK-1-expressing dendrites per 900 m 2 of a 60-m-thick section in laminae I and II that showed significant NK-1 internalization ( f) in the ipsilateral dorsal horn compared with the contralateral side after unilateral crush of the hindpaw but not after a noxious but non-tissue-injuring hindpaw pinch. Data are presented as mean number of dendrites or cells Ϯ SEM; n ϭ 4 in each treatment group. Rats were killed 10 min after the paw stimulus. Scale bars: 100 m; inset, 5 m; p Ͻ 0.05.
